Dihydroxyacetone (DHA) is a ketose sugar that can be produced by oxidizing glycerol. DHA in the environment is taken up and phosphorylated to DHA-phosphate by glycerol kinase or DHA kinase. In hypersaline environments, it is hypothesized that DHA is produced as an overflow product from glycerol utilization by organisms such as Salinibacter ruber. Previous research has demonstrated that the halobacterial species Haloquadratum walsbyi can use DHA as a carbon source, and putative DHA kinase genes were hypothesized to be involved in this process. However, DHA metabolism has not been demonstrated in other halobacterial species, and the role of the DHA kinase genes was not confirmed. In this study, we examined the metabolism of DHA in Haloferax volcanii because putative DHA kinase genes were annotated in its genome, and it has an established genetic system to assay growth of mutant knockouts. Experiments in which Hfx. volcanii was grown on DHA as the sole carbon source demonstrated growth, and that it is concentration dependent. Three annotated DHA kinase genes (HVO_1544, HVO_1545, and HVO_1546), which are homologous to the putative DHA kinase genes present in Hqm. walsbyi, as well as the glycerol kinase gene (HVO_1541), were deleted to examine the effect of these genes on the growth of Hfx. volcanii on DHA. Experiments demonstrated that the DHA kinase deletion mutant exhibited diminished, but not absence of growth on DHA compared to the parent strain. Deletion of the glycerol kinase gene also reduced growth on DHA, and did so more than deletion of the DHA kinase. The results indicate that Hfx. volcanii can metabolize DHA and that DHA kinase plays a role in this metabolism. However, the glycerol kinase appears to be the primary enzyme involved in this process. BLASTp analyses demonstrate that the DHA kinase genes are patchily distributed among the Halobacteria, whereas the glycerol kinase gene is widely distributed, suggesting a widespread capability for DHA metabolism.
INTRODUCTION
Dihydroxyacetone (DHA) is a simple ketose sugar commonly used in sunless tanning lotions and sprays (Faurschou et al., 2004) . DHA can be used as a carbon source by many different bacteria, yeast, and protists, and there are a number of different pathways in which it can be produced. In bacteria such as Klebsiella pneumoniae, DHA is produced anaerobically via glycerol oxidation by an NAD-dependent glycerol dehydrogenase . Gluconobacter oxydans and related bacteria also use glycerol oxidation to produce DHA, but they utilize a glycerol dehydrogenase that is pyrroloquinoline quinone (PQQ)-dependent and attached to the outer membrane. This pathway releases the DHA directly into the surrounding environment, which makes the Gluconobacter bacteria useful for industrial production of DHA (Deppenmeier et al., 2002) . DHA can also be produced by methylotrophic yeast such as Candida boidinii by first oxidizing methanol to formaldehyde, after which a pyrophosphate-dependent transketolase transfers a two-carbon hydroxyethyl group to the formaldehyde to form DHA (Waites and Quayle, 1981) .
Once DHA is obtained by a cell either via glycerol oxidation or uptake from the surrounding environment, it can then be phosphorylated and subsequently metabolized. Two types of kinases phosphorylate DHA: glycerol kinase and DHA kinase. Glycerol kinase is considered less specific, and it is capable of phosphorylating both glycerol and DHA using ATP (Hayashi and Lin, 1967; Weinhouse and Benziman, 1976; Jin et al., 1982) . DHA kinase is more specific, and it is only able to phosphorylate DHA and its isomer, D-glyceraldehyde (Erni et al., 2006 ). There are two major families of DHA kinases. The first consists of two subunits (DhaK and DhaL) and which are ATP-dependent. The DhaK subunit binds to the DHA substrate, and the DhaL subunit binds to ATP and transfers a phosphate group from ATP to DhaK-DHA (Daniel et al., 1995; Siebold et al., 2003) . In the second family, the DHA kinases are made up of three subunits (DhaK, DhaL, and DhaM) and are phosphoenolpyruvate (PEP)-dependent. This family of DHA kinases uses the PEP:sugar phosphotransferase system (PTS) to transfer a phosphate group from PEP to the DhaM subunit, a multidomain protein with one domain predicted to be a member of the mannose (EIIA Man ) family of the PTS (Gutknecht et al., 2001; Zurbriggen et al., 2008) . The DhaM then transfers the phosphate group to DhaL, which picks up the phosphate using an ADP cofactor bound to the subunit (Bachler et al., 2005) . The phosphate is then transferred from DhaL to the DhaK subunit, which phosphorylates the bound DHA substrate to DHA phosphate. The ATP-dependent family of DHA kinases is present in eukaryotes and some bacteria, whereas the PEP-dependent family of DHA kinases is present only in bacteria and archaea (Erni et al., 2006) . DHA has been hypothesized as a potential carbon source in hypersaline environments for heterotrophic halobacterial species (Elevi . This hypothesis is supported by previous studies on glycerol oxidation in Salinibacter ruber, a halophilic bacterium common in hypersaline environments. In a study by Sher et al. (2004) , which examined the oxidation of radio-labeled glycerol by S. ruber, an unknown soluble product consisting of 20% of the radioactivity from the added glycerol was observed to be excreted by the cells. This soluble product was later analyzed in a study by Elevi using a colorimetric assay, and was identified as DHA; indicating that S. ruber could produce DHA in hypersaline environments as an overflow product via glycerol oxidation.
The ability of Haloquadratum walsbyi, a common halobacterial species, to metabolize DHA further supports the hypothesis that DHA is a carbon source in hypersaline environments. Hqm. walsbyi was first hypothesized to metabolize DHA after examination of the sequenced genome in a study Bolhuis et al. (2006) identified an uptake system for DHA involving three genes (HQ2672A, HQ2673A, and HQ2674A) encoding the subunits of a putative PEP-dependent DHA kinase. The DHA kinase encoded by these genes was hypothesized to use a phosphate group from the PTS system to phosphorylate DHA to DHA phosphate, which could then be incorporated into the metabolism of the cell. Elevi tested DHA metabolism in Hqm. walsbyi by adding DHA to a cell culture of Hqm. walsbyi and measuring the change in DHA concentration over time. A decrease in DHA concentration was observed, indicating that the DHA was being taken up and metabolized by the Hqm. walsbyi cultures.
Overall, the current evidence supports a model where halobacterial species Hqm. walsbyi metabolizes DHA in hypersaline environments produced by S. ruber; however, there is still little known about DHA metabolism in Halobacteria. While DHA metabolism has been observed to occur in Hqm. walsbyi, no other halobacterial species has been shown to be able to metabolize DHA. Additionally, the putative DHA kinase genes in Hqm. walsbyi were never confirmed to be involved in DHA phosphorylation and metabolism. In this study, we sought to elucidate our understanding of halobacterial metabolism of DHA by examining DHA utilization in Haloferax volcanii, a halobacterial species isolated from Dead Sea sediment (Mullakhanbhai and Larsen, 1975) . We used Hfx. volcanii because it has three putative PEPdependent DHA kinase genes that are homologous to Hqm. walsbyi (Anderson et al., 2011) , and it has an established genetic system that can be used to delete genes and test their function (Bitan-Banin et al., 2003; Allers et al., 2004; Blaby et al., 2010) . We also used DHA metabolism genes in Hfx. volcanii to search the other sequenced halobacterial genomes to better understand the distribution of these genes among the Halobacteria. Our data provide important new insights into the metabolism of DHA in halobacterial organisms.
MATERIALS AND METHODS

STRAINS AND GROWTH CONDITIONS
Strains and plasmids used in this study are listed in Table 1 . All Hfx. volcanii strains were grown in either Hv-YPC or Hv-CA medium at 42 • C while shaking at 200 rpm. Hv-YPC and Hv-CA media were produced using the formulas outlined in The Halohandbook (Dyall-Smith, 2009 ). Hv-min medium used in growth experiments was modified from the formula in The Halohandbook to exclude a carbon source (Hv-min -C). Media were supplemented with uracil (50 µg/mL) and 5-fluoroorotic acid (50 µg/mL) as needed. For growth on Petri plates, 2% agar (w/v) was added to the media.
All Escherichia coli strains were grown in either S.O.C. media or LB-media at 37 • C while shaking at 200 rpm. S.O.C. media was provided by Clontech (Cat. # 636763) and New England BioLabs (Cat. # B9020S). LB medium was produced by adding 5 g NaCl, 5 g tryptone, and 2.5 g of yeast extract to deionized water to a final volume of 500 mL and pH set to 7.0. LB was supplemented with ampicillin (100 µg/mL) as needed. When LB cell culture plates were produced, 1.5% agar (w/v) was added. LB plates were supplemented with 40 µL of X-gal (20 mg/mL) as needed.
PCR AND DNA ISOLATION
All primers used in this study are listed in Table 2 . DNA used for plasmid construction and screening was amplified via PCR. Reactions for PCR were assembled as 10 µL volumes and contained the following reagents: 5.9 µL of deionized water, 2 µL of 5x GC Phusion buffer (Thermo Scientific, Cat. # F-519), 1 µL of 100% DMSO (Thermo Scientific, Cat. # TS-20684), 0.4 µL of 10 mM dNTP (Promega, Cat. # U1511), 0.2 µL of 10 µM forward primer, 0.2 µL of 10 µM reverse primer, 0.2 µL of template DNA, and 0.1 µL of Phusion High-Fidelity DNA Polymerase (Thermo Scientific, Cat. # F-530S). When needed, water was substituted with 20% acetamide. The reactions were performed in a Mastercycler EP Gradient (Eppendorf) with the following cycle: a DNA melting step at 94 • C for 22 s, an annealing step at 58.1 • C for 35 s, and an extension step at 72 • C for 90 s. This cycle was repeated 40 times, after which a final annealing step at 72 • C for 5 min was performed. Template DNA included Hfx. volcanii DS2 genomic DNA (20 ng/µL), plasmid DNA listed in Table 1 , and DNA from E. coli and Hfx. volcanii colonies.
Gel electrophoresis was performed to separate and analyze the PCR products using 0.8% (w/v) agarose in 1 × TAE buffer (40 mM Tris acetate, 2 mM EDTA). After gel electrophoresis, PCR products were excised from the gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega). Plasmids from E. coli strains were extracted and purified using the PureYield Plasmid Miniprep System (Promega). Plasmids linearized via digestion with restriction enzymes (BamHI, HindIII, XhoI, or XbaI) were also purified using the Wizard SV Gel and PCR Clean-Up System. using the In-Fusion HD Cloning Kit (Clontech). The strategy for gene deletion was based on the methodology outlined in a study by Blaby et al. (2010) with a few modifications. Flanking regions of the targeted genes were developed to be between 800 and 1000 bp in length. The 15-bp linker used to combine the flanking regions was altered to so that EcoRI and BstOI sites were included for the dhaKLM deletion linker and BglI and BstOI sites were included for the glpK deletion linker. The pTA131 was linearized with HindIII and BamHI for the dhaKLM deletion and XhoI and XbaI for the glpK deletion. Constructed plasmids were transformed into Stellar Competent Cells (Clontech, Cat.
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# 636763), according to the directions of the provider, and were plated on LB-amp plates with X-gal. White colonies were screened via colony PCR using the external primers of the target gene flanking regions. Confirmed deletion plasmids (listed in Table 1) were subcloned in dam − /dcm − Competent E. coli (New England BioLabs, Cat. # C2925H) to produce demethylated plasmids for transformation of Hfx. volcanii. Hfx. volcanii H26 colonies were screened for deleted genes via PCR using the external primers of the target gene flanking regions. The size of PCR products of screened cells were compared to those produced with wild-type DNA (Figure 1) . Smaller product size indicated that the gene had FIGURE 1 | PCR analysis of H26, dhaKLM, glpK, and dhaKLM glpK. Analysis examined presence or absence of the dhaKLM operon (lanes 2-5) and glpK (lanes 6-9). Lane 1 contained exACTGene Mid Range Plus DNA Ladder (Fisher Scientific). Lanes 2 and 6 contained amplicons from H26. Lanes 3 and 7 contained amplicons from dhaKLM. Lanes 4 and 8 contained amplicons from glpK. Lanes 5 and 9 contained amplicons from dhaKLM glpK.
been deleted. The Hfx. volcanii H26 deletion strains produced by this process are listed in Table 1 .
COMPLEMENTATION OF DELETED GENES
The dhaKLM and glpK genes deleted in Hfx. volcanii H26 were resuscitated by constructing complementation plasmids. Primers were designed which amplified the upstream native promoter and the coding region of the targeted genes in Hfx. volcanii. The primers were also designed to have 15 bp of homology with pTA409. Restriction digestion of pTA409 was performed using BamHI and XhoI to linearize the plasmid. After the linearized pTA409 and gene fragments were gel-purified, the DNA fragments were combined together using the In-Fusion HD Cloning Kit according to the instructions of the provider. The constructed plasmids were cloned, screened, and demethylated as described in the above gene deletion protocol. Purified constructed plasmids (listed in Table 1 ) were then transformed into the Hfx. volcanii H26 deletion strains using the PEG mediated transformation of Haloarchaea protocol from The Halohandbook. PCR was used to confirm transformation success. The Hfx. volcanii complementation strains produced by this process are listed in Table 1 .
DHA GROWTH EXPERIMENTS
Hfx. volcanii strains listed in Table 1 were grown to lateexponential phase (OD 600 = ∼ 0.6 − 0.8) in Hv-YPC medium. The cell cultures were then centrifuged at 3220 RCF for 15 min and resuspended in Hv-min -C media supplemented with uracil. Centrifugation was repeated a total of three times to wash the cells of residual Hv-YPC media. During the final resuspension of the cells in Hv-min -C media, the cell cultures were diluted to OD 600 ∼0.01. Each cell culture was then distributed into the wells of a 96-well plate, with each well receiving 190 µL of cell culture. Also, 200 µL of Hv-min -C was added to the plate to be used as a blank. Three wells of each culture were treated with 10 µL of either 0.1 M DHA (final concentration of 5 mM DHA), 0.05 M DHA (final concentration of 2.5 mM DHA), 0.02 M DHA (final concentration of 1 mM DHA), or deionized water (negative control). The 96-well plate was then placed into a Multiscan FC plate reader (Fisher Scientific), which incubated the plate at 42 • C while shaking it at low speed. The plate reader measured the OD 620 of each well every hour for 72 h.
BIOINFORMATICS
The amino acid sequences of the Hfx. volcanii putative DHA kinase gene dhaK (HVO_1546) and glycerol kinase gene glpK were used to perform BLASTp (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) searches of the NCBI database to determine other halobacterial species with DHA kinase and glycerol kinase genes. The amino acid sequences were retrieved from the NCBI database (dhaK GI number 292655696; glpK GI number 292655691). The search was restricted to the Halobacteriales (taxid 2235) with an E-value cut-off of 1e-20. Reciprocal BLASTp was performed to analyze only orthologous genes. The halobacterial genomes queried in this BLASTp search are listed in Table 3 .
RESULTS
DHA KINASE IS PATCHILY DISTRIBUTED AMONG THE HALOBACTERIA
Three DHA kinase genes (HQ2672A, HQ2673A, and HQ2674A) have been annotated in the genome of Hqm. walsbyi (Bolhuis et al., 2006) , a halobacterial species which is able to metabolize external DHA (Elevi . Homologs of these three genes are also annotated in Hfx. volcanii (HVO_1544, HVO_1545, and HVO_1546). In order to determine the prevalence of DHA kinase genes among the Halobacteria, the Hfx. volcanii dhaK gene (HVO_1546) was used to perform a BLASTp search against the database of Halobacteria genomes available on NCBI. The search yielded significant hits among 31 different halobacterial species ( density at which H26 reached stationary phase was also dependent on the initial concentration of DHA provided to the cells (Figure 2 ). H26 cells grown in medium supplemented with 1 mM DHA reached stationary phase at the lowest cell density, whereas cells grown with the highest tested concentration of 5 mM DHA reached stationary phase at the highest cell density. These data indicate that growth of Hfx. volcanii on DHA as a carbon source is concentration dependent.
DHA KINASE IS USED IN DHA METABOLISM IN Hfx. volcanii
Evidence indicates that Hfx. volcanii, like Hqm. walsbyi, can use DHA as a carbon source. Although both organisms have DHA kinase genes, no previous studies demonstrated these putative DHA kinase genes have a role in DHA metabolism. In order to determine that DHA metabolism in Hfx. volcanii utilizes the annotated DHA kinase, the operon dhaKLM (HVO_1544-HVO_1546) was deleted in Hfx. volcanii strain H26. The growth of this deletion strain ( dhaKLM) on 5 mM DHA was then tested in comparison to the parent strain H26 as well as a complementation strain ( dhaKLM + pdhaKLM). The results indicate that the deletion of dhaKLM causes a reduction in growth on DHA, and that complementation of the deleted genes negates this growth deficiency (Figure 3) . However, the dhaKLM was still capable of growth on DHA, exhibiting a 33% decrease in growth compared to H26. These results indicate that the dhaKLM genes are used by Hfx. volcanii in DHA metabolism, most likely for the phosphorylation of DHA to DHA phosphate, and that the genes are apparently not essential. Since it is still capable of growth on DHA there must be additional genes involved in the phosphorylation step.
GLYCEROL KINASE IS MORE IMPORTANT THAN DHA KINASE
In other organisms, glycerol kinase is also capable of phosphorylating DHA (Hayashi and Lin, 1967; Weinhouse and Benziman, 1976; Jin et al., 1982) . Therefore, the other gene involved DHA metabolism in Hfx. volcanii was hypothesized to be the glycerol kinase gene glpK (HVO_1542). In order to test this hypothesis, the glpK gene was deleted in H26. The deletion strain ( glpK), and its complementation strain ( glpK + pglpK), were both grown on 5 mM DHA along with the parent strain H26. The results indicate that the deletion of glpK caused a reduction in growth on DHA even greater than deletion of dhaKLM, and that complementation of the glpK gene restores growth to normal levels (Figure 4) . In comparison to the parent strain H26, glpK strain demonstrated an 83% decrease in growth. This decrease is far greater than the 33% decrease exhibited by the dhaKLM deletion mutant. These results indicate that the glpK gene is used by Hfx. volcanii in DHA metabolism, and that its role is potentially greater than that of the dhaKLM operon.
In order to further test the roles of the DHA kinase and glycerol kinase in DHA metabolism in Hfx. volcanii, the dhaKLM operon and glpK gene were both deleted in H26. This double deletion mutant ( dhaKLM glpK), along with a DHA kinase complementation strain ( dhaKLM glpK + pdhaKLM), a glycerol kinase complementation strain ( dhaKLM glpK + pglpK), and the parent strain H26, were then grown on 5 mM DHA. The results indicate that the deletion of both kinases abolishes growth on DHA, and that complementation with glycerol kinase restores growth to a greater degree than complementation with DHA kinase (Figure 5) . The dhaKLM glpK strain did not exhibit any growth, remaining at the initial OD 620 of 0.0035. The dhaKLM glpK + pdhaKLM strain was able to grow on DHA, but demonstrated an 84% decrease compared to the H26 parent strain. The dhaKLM glpK + pglpK was also capable of limited growth on DHA, but demonstrated a 39% growth decrease from H26 and a 390% growth increase compared with dhaKLM glpK + pdhaKLM. Overall, these data confirm that glycerol kinase is more important for DHA metabolism in Hfx. volcanii than DHA kinase.
GLYCEROL KINASE IS WIDELY DISTRIBUTED AMONG THE HALOBACTERIA
Since growth experiments indicated that glycerol kinase has a significant role in DHA metabolism, the presence of this gene in halobacterial species could potentially be a determinant of DHA metabolism in those species. Although the distribution of glpK homologs has been examined in previous studies (Sherwood et al., 2009; Anderson et al., 2011) , a greater number of halobacterial genomes have become available since those studies. Therefore, the glpK gene in Hfx. volcanii was used to perform a BLASTp search against the halobacterial genomes available on NCBI. The search yielded 90 significant hits among 82 different species of Halobacteria (Table 5) , indicating a much wider distribution of glycerol kinase compared to DHA kinase among the Halobacteria. Six species yielded more than one significant hit: Halogeometricum borinquense (3 hits), Haladaptatus paucihalophilus (3 hits), Haloferax prahovense (2 hits), Haloferax mucosum (2 hits), Haloferax gibbonsii (2 hits), and Natronomonas moolapensis (2 hits). The multiple hits indicate the presence of glpK paralogs in these species. Only 18 of the 100 queried With the exception of Halosarcina pallida, which has an incompletely sequenced genome, all halobacterial species that yielded significant hits in the dhaK BLASTp search also yielded significant hits in the glpK BLASTp search.
DISCUSSION
Previously, Hqm. walsbyi was the only halobacterial species known to be able to utilize DHA as a carbon source (Elevi . In this study, we have identified Hfx. volcanii as the second halobacterial species known to be capable of metabolizing DHA. When DHA was added to growth medium as the sole carbon source, Hfx. volcanii was capable of growth. This growth was variable based on the concentration of DHA present in the growth medium. The ability of Hfx. volcanii to metabolize DHA suggests that the substrate could be an important carbon source in the Dead Sea environment where Hfx. volcanii naturally lives. Elevi have suggested that Salinibacter might be a source of DHA in hypersaline environments, since it can produce DHA as an overflow product. However, Salinibacter has not been identified in the Dead Sea, making it an unlikely candidate for DHA producer. The DHA could potentially be produced as an overflow product from Dunaliella parva, a halophilic alga that is the most prominent photosynthetic organism in the Dead Sea and is able to produce DHA (Ben-Amotz and Avron, 1974; Oren and Shilo, 1982) . Elevi hypothesized that the Dunaliella cell membrane could be permeable to DHA, allowing excess DHA produced by the cells to leak into the external environment. If D. parva produces a significant amount of DHA overflow, the substrate would be readily available for Hfx. volcanii to utilize as a source of carbon.
When Elevi demonstrated that Hqm. walsbyi could utilize DHA as a carbon source, they hypothesized that the organism used a system involving a PEP-dependent DHA kinase to phosphorylate DHA to DHA kinase, based on genomic analysis from Bolhuis et al. (2006) . However, their study did not demonstrate a direct connection between the putative DHA kinase and DHA metabolism. In our model halobacterial organism, Hfx. volcanii, we have demonstrated that DHA kinase is involved in metabolism of DHA. When the DHA kinase operon dhaKLM is deleted, growth of Hfx. volcanii on DHA is impeded, and complementation of the deleted genes with the dhaKLM operon restores growth. The growth of Hfx. volcanii is not completely abolished, however, and further analysis using a strain wherein the glycerol kinase gene glpK has been deleted indicates that Hfx. volcanii also uses glycerol kinase for DHA metabolism. Deletion of the glpK gene reduces growth on DHA more dramatically than the dhaKLM deletion, indicating that the role of glycerol kinase is more pronounced in DHA metabolism than that of DHA kinase for Hfx. volcanii. This enzyme primacy is further supported by the observation that, in the double deletion mutant dhaKLM glpK, complementation with glpK restores growth better than complementation with dhaKLM.
The primacy of the glycerol kinase in DHA metabolism is unexpected, since DHA kinase is usually the primary enzyme involved in DHA phosphorylation in other organisms due to the lower affinity of glycerol kinase for DHA. In Klebsiella pneumoniae, the glycerol kinase has a K m of 1 × 10 −3 M for DHA, whereas the DHA kinase has a K m of 1 × 10 −5 M (Jin et al., 1982) . The glycerol kinase in E. coli has a K m of 5 × 10 −4 M for DHA (Hayashi and Lin, 1967) , but the DHA kinase has a K m of 4.5 × 10 −7 M (Gutknecht et al., 2001) . One possible explanation for the primacy of the glycerol kinase in Hfx. volcanii DHA metabolism is the glycerol kinase might have a higher affinity than DHA kinase for DHA. Another possible explanation might be differences in expression of the kinases. DHA kinase might be expressed at lower levels than glycerol kinase early in the Hfx. volcanii growth cycle, which would cause the glycerol kinase to be the primary DHA phosphorylating enzyme despite a possible lower affinity for DHA. Later in the growth cycle, however, Hfx. volcanii may increase expression of DHA kinase, leading to the higher affinity enzyme becoming the new primary enzyme for DHA phosphorylation. Growth experiments of dhaKLM glpK + pdhaKLM, in which the strain was grown beyond 72 h on 5 mM DHA, support this hypothesis, since growth of the strain on DHA increased significantly after 80 h, and actually surpassed dhaKLM glpK + pglpK after 96 h (data not shown). In-depth analysis into the enzymatic activity and kinetic constants of these enzymes toward DHA, as well as their expression levels, also plays a role in DHA metabolism. BLASTp results for glpK indicate that 82 halobacterial species have homologs, and 51 of these species do not have dhaKLM homologs. We suspect that these species are also able to metabolize DHA. Eighteen halobacterial species are missing DHA and glycerol kinase genes, suggesting that they cannot metabolize DHA. However, only three of those genomes, Halovivax ruber, Natronobacterium gregoryi, and Natronomonas pharaonis, are not in draft form, leaving open the possibility for a near universal distribution of DHA metabolism in Halobacteria.
The broad taxonomic distribution of DHA and glycerol kinase genes among the Halobacteria suggests two interwoven hypotheses: (i) DHA is a common carbon source in hypersaline environments and (ii) DHA metabolism is widespread among the Halobacteria. A study by Elevi detailed the conversion by the halophilic bacterium S. ruber of glycerol to DHA, which was then used as a growth substrate by Hqm. walsbyi. They speculated that DHA could be a common carbon source due to incomplete oxidation of glycerol, and from it being an intermediate of glycerol synthesis in Dunaliella. Our data demonstrating the extensive incidence of DHA and glycerol kinase genes provides support for their hypothesis that DHA is a common carbon source, and extends it to include that many if not most Halobacteria are capable of metabolizing it. However, future research on DHA production and turnover rates, and analysis on strains we predict to have DHA metabolism is necessary to elucidate the significance of this substrate to hypersaline ecosystems and Halobacteria.
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